The p-accepting character of a terminal carbide complex acting as a ligand is demonstrated experimentally and corroborates earlier theoretical predictions. As a result, coordination of a terminal ruthenium carbide complex to electron-rich metal centres is shown to provide a facile and versatile route to carbidebridged heterometallic complexes. Synthesis, reactivity, spectroscopic and structural characterization are where RuC displaces CO coordinated to Rh(I) and Ir(I). A strong trans influence exerted by RuC indicates it to be a stronger s-donor than CO. The geometries around the carbide bridges resemble those in complexes of electron-rich metals with carbonyl or bridging nitride-complex-derived ligands, which establishes a link to other strong p-acceptor ligands.
Introduction
Mono-atomic carbon as a ligand is not common. Nevertheless, it has implications to all forms of life as it was recently shown to be present in nitrogenase, [1] [2] [3] [4] which is responsible for the conversion of atmospheric nitrogen into bioavailable ammonium. The most effective nitrogenase has an FeMo cofactor active site containing a six-coordinate interstitial carbon. Monoatomic carbon ligands are also of relevance in large-scale industrial heterogeneous catalysed processes such as fuel synthesis by the Fischer-Tropsch process 5, 6 which encompasses the catalytic hydrogenation and polymerization of CO into alkanes and oxygenated compounds. Here terminal carbon ligands form on the surface of Fischer-Tropsch catalysts and possibly play a role in the formation of C-C bonds in the products. 7 Terminal carbide complexes are rational precursors for carbide-bridged complexes as the commodious, one-coordinate carbide ligand in an M^C: unit allows an incoming metal centre to approach and be ligated, but this approach is virtually unexplored. Generally, routes to heterometallic carbide-bridged systems are singular in the sense that they have a limited scope for generalization to other metals. However, one notable example of a versatile route to bimetallic carbide-bridged complexes is Templeton's and Hill's development of the (Tp*)(OC) 2 10 Et ¼ ethyl). Contrarily, the terminal ruthenium carbide complex, [Ru(C) Cl 2 (PCy 3 ) 2 ] (RuC), is remarkably stable in air in which it may be handled and stored for years without apparent decomposition. Heppert's serendipitous discovery 15 of the metathesis-facilitated route to RuC and Grubbs' rational extension 16 based on phosphine-exchange reactions offered the terminal carbide readily, though with the requirement for rather complex organic reagents. This was circumvented in Johnson's elegant synthesis 17 of RuC, which employed commonplace vinyl acetate in lieu of Feist's esters. The stability combined with straightforward 13 18 respectively. These protonations and alkylations demonstrate that RuC reacts as a nucleophile, though it appears a rather weak nucleophile, as it fails to react with even fairly reactive electrophiles such as MeI, MeCOCl, and C 6 H 5 CH 2 Br. 21 Along these lines, Grubbs and coworkers reported the formation of heterometallic carbidebridged complexes assembled from RuC and Pd(II) or Mo(0) with the argument that the ruthenium carbide functions as a sdonating ligand towards these metal centres.
16
In coordination chemistry, molecular complexes with monoatomic carbon ligands are scarce in comparison with the numerous complexes with mono-atomic N, O, and F ligands. 24 We do not dispute this result, but prefer in the following to denote RuC and the derived systems as carbide complexes in agreement with common usage and in line with their very strong resemblance in both structure and reactivity to established bona de nitride complexes.
Computational studies of terminal carbide complexes of group 8 metals reveal metal carbide triple bonds that are polarized toward the metal 24 and carbon-based lone pairs with a large degree of 2 s character. 25 This corresponds well with the experimentally observed weak nucleophilic character exhibited by the carbide ligand in RuC. In addition to s-donating properties, the presence of energetically low-lying unoccupied molecular orbitals with local p-symmetry suggests the suitability of the carbide moiety for coordination to electron-rich transition metals as a back-bonding ligand.
26
Frenking compared metal carbon complexes with carbon monoxide in terms of their donor-acceptor interactions as ligands. 27 Based on orbital energies, the metal carbon complexes were argued to be promising, possibly better s-donating ligands than CO and comparably good p-accepting ligands. Thus, it was suggested that metal carbon complexes could potentially outcompete CO as a ligand toward transition metal centres and that the formation of homoleptic carbon-bridged complexes might be achieved, since homoleptic carbonyl complexes are stable and numerous.
The electronic structure of terminal carbide complexes has a counterpart in the coordination chemistry of the isoelectronic terminal nitride complexes. Based on the spatial and orbital relationships between CO and terminal nitride complexes, and corroborated by experimental data, Mayer and co-workers originally proposed that terminal nitrides can function as strong p-accepting ligands. 28 In the following, we demonstrate the same to be the case for terminal carbides and thereby experimentally establish a link between terminal carbides, terminal nitrides, and CO as ligands. achieved for much lower coordination numbers than the ones discussed by Frenking. 27 The structural determination of the homoleptic complex suffered from disorder problems with triate as the counterion, and consequently, the corresponding BF 4 À salt was prepared by the rst route using AgBF 4 . 41 These observations have been rationalized 41 as the result of coupled vibrations in the Re^N-X moieties that shi n Re^N and n N-X to higher and lower wavenumbers, respectively. Based on this, it must be concluded that stretching frequencies of the Ru^C bonds are unsuited as probes for pbackdonation from the metal fragments coordinated to RuC.
Results and discussion

Spectroscopic evidence of p-backbonding
The facile labelling of the carbide ligand in RuC makes 13 C-NMR a useful handle on the reactivity and electronic structure of the derived heterometallic systems. Signals from carbide bridges (d C ¼ 345-434 ppm) and resonances from organic carbons and unreacted RuC (472 ppm) are easily discriminated by 13 C{ 1 H}-NMR (cf. Table 1 ). The upeld shi of the carbide resonance upon bridging demonstrates increased shielding, suggesting increased electron density around the carbide. This corresponds well with the notion that RuC functions as a paccepting ligand. However, this view is too simplistic, as the least backbonding heterometal centres, Pt(II) and Pd(II), provide the largest shis in d C . Rather, the internal shielding in the Ru^C moiety needs to be factored in, as is the case for carbonyl complexes.
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Heterometal to carbide NMR coupling constants (Table 1) 
Reactivity of heterometallic systems
The stepwise formation of the homoleptic gold(I) complex, , and C 4À ), the tendency is for the X bridge to become increasingly asymmetric as its electronegativity decreases. However, counterexamples for carbide-containing homometallic, symmetric M-C-M bridges, e.g. M ¼ Nb, 44 Re, 45 Fe, [46] [47] [48] [49] [50] and Ru, 51 exist. The only previously reported system belonging to the present class, which has been structurally characterized, namely Grubbs' trans-[(Cy 3 P) 2 Cl 2 RuC-PdCl 2 (SMe 2 )], 16 provides a good basis for comparison with 5 as it contains RuC linearly coordinated to Pd(II). The Ru-C triple bond is 0.4% shorter than in 5, and the C-Pd single bond is 2.9% longer than in 5. The palladium carbide bond in 5 falls within the range of platinum carbide bond lengths spanned by the Pt(II) complexes 6-8. Compared with its most obvious congener, 6, the Pd-C bond in 5 is longer than the Pt-C bond by 0.019Å (1.0%). This similarity between the Pd(II) and Pt(II) systems is mirrored by the Rh(I) and Ir(I) complexes 1 and 2. Here, bond distances that involve the carbide are identical within 3s, underlining the geometric similarity between the rhodium and iridium complexes. On the other hand, the iridium carbide bonds in 4 are distinctly longer (0.092-0.106Å) than those in 2. This is in part caused by the large structural trans inuence of RuC (compared to Cl À , vide infra) and in part by the severe steric crowding from two RuC,
Structural inuence of the Ru^C moiety
, and CO in the ligand sphere of 4. Similarly, the gold carbide bonds in 12 are longer than those in 11. The shortening of the RuC-M bonds seen for 5d vs. 4d metals becomes more pronounced with increasing group number: in group 11, 9 and 10 have signicantly longer Ag-C bonds than the Au-C bonds in 11 and 12.
Due to its unique nature, straight-forward structural analogues for comparisons with 12 do not exist. However, Hill and co-workers 11 reported the tetrameric homoleptic carbidebridged gold complex, [(Tp*)(OC) 2 W(m 3 -C)Au] 4 . As opposed to the exclusive end-on binding mode in 12, the tetrameric gold complex has the tungsten carbide coordinated to Au(I) with both end-on and side-on binding modes, which enforces signicantly bent carbide bridges (160.3 (12)-167.7(12) ). The end on Au-C bonds are at 1.971(19)-2.03(2)Å, comparable to or slightly longer than the Au-C bonds in 11 and 12, and the side on Au-C bonds are longer (2.03(2)-2.14(2)Å). In 12, carbide and gold(I) take on inverted roles compared to the homoleptic gold carbides studied by Schmidbaur and co-workers:
52-58 the [(R 3 PAu) 6 C] 2+ and [(R 3 PAu) 5 C] + complexes contain carbide with a coordination sphere composed only of gold(I), whereas the coordination sphere of gold(I) in 12 is composed only of carbide.
On the heterometal centres in 1, 2, 5, and 6, chloride and the bridging carbide are positioned trans to the same ligands, which allows for a direct comparison of their trans inuences. In 1, the average Rh-C distance (C belonging to cod) is 2.139Å trans to Cl À and 2.305Å trans to carbide. Equivalently, trans to Cl À and carbide the Ir-C distances in 2 are 2.134Å and 2.291Å, the Pd-Cl distances in 5 are 2.3079Å and 2.3276 (7)Å, and the Pt-Cl distances in 6 are 2.311Å and 2.357(1)Å. Changing from chloride to carbide, the relative elongations of the trans bonds are 0.168Å (7.8%) for 1, 0.156Å (7.3%) for 2, 0.0198Å (0.9%) for 5, and 0.046Å (2.0%) for 6. This demonstrates that the Scheme 2 Interconversions of carbide-bridged complexes. Table 2 Carbide bridge metrics from X-ray crystallography. Percentile rank compares the metal carbide distance to any M-C bond distance from the CSD structural trans inuence of RuC is larger than that of Cl À in complexes of Rh(I), Ir(I), Pd(II), and Pt(II).
Structural credence to p-backbonding
The formation of complexes 1-12 demonstrates that RuC coordinates well to electron-rich 2 nd and 3 rd row transition metals. Thus, the preferred reactivity of RuC resembles that of p-accepting ligands. Structurally, this type of ligands is characterized by forming short ligand-metal bonds in complexes with electron-rich metals. Along these lines, the identication of {Os(N)} 3+ and {Cr(N)} 2+ as back-bonding ligands towards electron-rich metal centres was partially based on structural evidence.
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The Cambridge Structural Database (CSD) allows a quantication of whether the metal-carbide bonds in 1-12 are short. Fig. 2 shows a histogram with all distances from carbon to Pd. For similar data for Rh, Ir, Pt, Ag, and Au, see ESI. † These diagrams and the percentile rank (Table 2) reveal that the metalcarbide bonds are at the very short end of the range of carbonmetal bonds (the shortest 0.5-17.6%) for all of these metals and characteristically similar to the respective metal-carbonyl bond lengths. This supports the notion that the ruthenium carbide acts as a p-accepting ligand.
A convincing juxtaposition of carbide complexes as ligands and CO as ligand requires kindred complexes of both ligand types. The existence of carbonyl analogues to 3, 4, 5, 6, 11, and 12 provides for such a comparison, and suggests that the RuC and CO moieties play the same role in the respective complexes. (Table 3) , and here it is relevant to note that 3 and 4 further allow a comparison of the RuC and CO ligands within the same complex. Though Au(CO) 2 + is well established, 65-68 its crystal structure has not been reported.
In 3 and [RhCl(CO) 2 ] 2 , the Rh-C bonds are 0.6-1.6% shorter for CO than for RuC. The Rh-Cl bonds trans to CO are equal within three standard deviations, whereas the bond trans to RuC is longer by 0.8%, suggesting a larger structural trans inuence of RuC than of CO. The RuC-Ir bonds in 4 fall within the range found for trans carbonyls in [IrCl(CO) 3 ]. Contrarily, carbonyls trans to Cl form comparably short bonds in 4 and [IrCl(CO) 3 ], particularly within 4, where the Ir-C bond lengths are much shorter for CO than for RuC (on average shorter by 0.196Å). This can in part be ascribed to electronic effects, but also the steric bulk of the RuC units (vide supra) may contribute to the elongation of the RuC-Ir bonds in the trinuclear complex.
The Pd-CRu bond in 5 is likely longer than the Pd-CO bond in (Bu 4 N)[PdCl 3 (CO)], but the experimental uncertainty on the bond length in the carbonyl complex is too large to allow safe conclusions. In 5, the Pd-Cl bond trans to the carbide is elongated (0.0198Å, 0.9%) compared to the Pd-Cl bonds trans to Cl show trends that parallel their Pd analogues with the Pt-CRu bond longer than the Pt-CO bond, but with RuC exhibiting a larger structural trans inuence than chloride, whereas those of CO and chloride are comparable (see Table 3 ).
The strong similarity of RuC and CO as ligands is also borne out for coordination to Au(I) since [AuCl(CO)] and 11 have nearly identical geometries around gold: the Au-C bonds are identical within 3s between the two systems, and the same applies to the Au-Cl bonds. The gold(I) centres are linear in 11 (177.0 (1) ) and [AuCl(CO)] (180 ). Complexes of carbides and nitrides clearly show similar reactivities towards electron-rich metal centres, and yield structurally very similar bridged products. This suggests that the terminal carbide and nitride moieties interact similarly with electron-rich metal centres, i.e. with p-backdonation from the metal centres into low-lying p*-orbitals of the multiply-bonded carbides and nitrides.
Conclusions
We have demonstrated the ability of the ruthenium carbide, [Ru(C)Cl 2 (PCy 3 ) 2 ] (RuC), to form linear carbide bridges to Rh(I), Ir(I), Pd(II), Pt(II), Ag(I), and Au(I). RuC binds readily to these lowvalent metal centres, and the concomitant short bonds corroborate the view of the multiply bonded complex as a p-accepting ligand. The terminal carbide RuC forms similar complexes with closely matching geometries around the heterometals compared to the complexes formed by nitrides and carbon monoxide. The similarity in both structure and reactivity of RuC and strong p-accepting ligands yields further support to the p-acceptor nature of terminal carbides as ligands. The same conclusion derives from the large stretching frequency of CO in complex 4, which suggests signicant p-backdonation from Ir(I) to the RuC moiety. Generally, the structural trans inuence of RuC is large and similar to or surpassing that of CO. The formations of 3 and 4 in stoichiometric reactions proceed through substitution of CO by RuC, showing that RuC binds to Rh(I) and Ir(I) with competitive strength to CO. These ndings in conjunction with the large trans inuence of RuC correspond well with the suggestion that terminal carbide complexes of group 8 metals are stronger s-donating ligands than CO. 27 From the reactivity of 6 leading to substitution on Pt(II) in the position trans to the carbide ligand, a relatively high kinetic trans effect of the RuC moiety as a ligand can also be deduced.
In summary, earlier computationally based predictions, that M^C: moieties should be able to outcompete CO as ligands and even form homoleptic metal complexes have been veried experimentally. Further studies extending this approach to molecular carbide complexes are ongoing. 
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